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A b s t r a c t  
Spur gear endurance t e s t s  and r o l l i n g - e l e m e n t  
s u r f a c e  f a t i g u e  t e s t s  were conducted t o  i n v e s t i g a t e  
vacuum-i nduct ion-me1 t e d ,  vacuum-arc-me1 t e d  (VIM-VAR)  
M50NiL s t e e l  for  use as a gear s t e e l  i n  advanced 
a i r c r a f t  a p p l i c a t i o n s ,  t o  de te rm ine  i t s  endurance 
c h a r a c t e r i s t i c s .  and to  compare t h e  r e s u l t s  w i t h  
those  f o r  s tandard  VAR and VIM-VAR A I S I  9310 gear  
m a t e r i a l .  Tests w e r e  conducted  w i t h  spur  gears  and 
r o l l i n g - c o n t a c t  b a r s  manufac tured  from VIM-VAR 
M50NiL and VAR and VIM-VAR A I S I  9310. The gear  
p i t c h  d iamete r  was 8 .9  cm (3 .5  i n . ) .  Gear t e s t  Con- 
d i t i o n s  were an i n l e t  o i l  tempera ture  o f  320 K 
(116 " F ) ,  an o u t l e t  o i l  t empera tu re  o f  350 K 
(170 O F ) ,  a maximum H e r t z  s t r e s s  o f  1.71 GPa 
( 2 4 8  k s i ) ,  and a speed o f  10 000 rpm. Bench 
r o l  1 ing-e lement  f a t i g u e  t e s t s  were conducted  a t  
$ ambient  tempera tures  w i t h  a ba r  speed o f  12 500 rpm 
and a maximum H e r t z  s t r e s s  o f  4.83 GPa (700 k s i ) .  
The V I M - V A R  M5ONiL gears  had a s u r f a c e  f a t i g u e  l i f e  
t h a t  was 4 .5  and 11.5 t i m e s  t h a t  for  VIM-VAR and 
VAR A I S I  9310 g e a r s , - r e s p e c t i v e l y .  The surface 
f a t i g u e  l i f e  o f  t h e  V I M - V A R  M5ONiL r o l l i n g - c o n t a c t  
ba rs  was 13.2 and 21 .6  t imes  t h a t  for  t h e  VIM-VAR 
and VAR A I S I  9310, r e s p e c t i v e l y .  The VIM-VAR 
M50NiL m a t e r i a l  was shown to  have good r e s i s t a n c e  
t o  f r a c t u r e  th rough  a f a t i g u e  s p a l l  and t o  have 
f a t i g u e  l i f e  f a r  s u p e r i o r  t o  t h a t  o f  b o t h  VIM-VAR 
and VAR A I S I  9310 gears  and r o l l i n g - c o n t a c t  ba rs .  
I n t r o d u c t i o n  
Recent developments by  a i r c r a f t  t u r b i n e  eng ine  
groups  and o t h e r s  have r e q u i r e d  t h e  use of f r a c t u r e -  
r e s i s t a n t  b e a r i n g  m a t e r i a l s  for f n t e g r a l  r o l l i n g -  
e lement  b e a r i n g  r a c e s .  
r e q u i r e  races  w i t h  good f r a c t u r e  toughness to  p re -  
v e n t  s e r i o u s  f a i l u r e s  a f t e r  a r a c e  f a t i g u e  f a i l u r e  
( i . e . .  s p a l l )  o c c u r s .  The use o f  advanced h igh -ho t -  
hardness  s t e e l s  fo r  a i r c r a f t  eng ine  b e a r i n g s  and 
a i r c r a f t  t r a n s m i s s i o n s  for h e l i c o p t e r s ,  VSTOL, and 
geared f a n s  or tu rboprops  has been shown1 s 2  t o  
ex tend  t h e  o p e r a t i n g  l i f e  a t  h i g h e r  o p e r a t i n g  tem- 
p e r a t u r e s .  
m a t e r i a l s  can c o n s i d e r a b l y  l eng then  o p e r a t i n g  t imes  
i f  t h e  l u b r i c a t i o n  and c o o l i n g  system f a i l s  and t h e  
o p e r a t i n g  tempera tu re  i ncreases .  
Severa l  h igh-ho t -hardness  c a r b u r i z i n g  grade 
gear  s t e e l s  have been deve loped i n  r e c e n t  y e a r s ,  
and t e s t s  w i t h  these m a t e r i a l s  have shown l o n g e r  
s u r f a c e  f a t i g u e  l i v e s  than  s tandard  A I S I  9310 
gear  s t e e l  .3-5 A m r e  r e c e n t  h igh-ho t -hardness  
s t e e l ,  M50NiL, was deve loped o r i g i n a l l y  as a 
c a r b u r i z i n g - g r a d e  r a c e  m a t e r i a l  f o r  r o l l i n g - e l e m e n t  
b e a r i n g s .  I t  improved f r a c t u r e  toughness w h i l e  
r e t a i n i n g  h o t  hardness  and l o n g  b e a r i n g  f a t i g u e  
l i f e . 6  T h i s  m a t e r i a l  was deve loped from t h e  
H igher  speed b e a r i n g s  
I n  a d d i t i o n  t h e  use o f  h igh-ho t -hardness  
s tandard  A I S I  M50 b e a r i n g  m a t e r i a l  by r e d u c i n g  t h e  
carbon c o n t e n t  t o  improve t h e  f r a c t u r e  toughness 
and by add ing  a sma l l  amount o f  n i c k e l  t o  s t a b i l i z e  
t h e  a u s t e n i t e  and t o  p r e v e n t  t h e  f o r m a t i o n  o f  exces- 
s i v e  amounts o f  f e r r i t e  and r e t a i n e d  a u s t e n i t e . 6  
Wi th  i t s  reduced carbon c o n t e n t  t h e  M5ONiL m a t e r i a l  
can be case c a r b u r i z e d  t o  g i v e  a h a r d  b e a r i n g  su r -  
f a c e  w h i l e  r e t a i n i n g  a tough co re .  R o l l i n g - c o n t a c t  
(RC)  f a t i g u e  t e s t s  w i t h  M50NiL6 have shown i t  to  
have e x c e l l e n t  s u r f a c e  f a t i g u e  l i f e .  
were ( 1 )  t o  i n v e s t i g a t e  M50NiL for  use as a gea r  
m a t e r i a l ,  ( 2 )  t o  de te rm ine  t h e  s u r f a c e  endurance 
c h a r a c t e r i s t i c s  o f  M50NiL. and ( 3 )  t o  compare the  
r e s u l t s  w i t h  those for  s tandard  VAR and V I M - V A R  
A I S I  9310 a i r c r a f t  gear  m a t e r i a l s .  To accomp l i sh  
these o b j e c t i v e s ,  t e s t s  were conducted  w i t h  spur  
gears  and RC t e s t  ba rs  manu fac tu red  f r o m  MSONiL. 
For  comparison purposes  spur  gears  and RC t e s t  b a r s  
manufac tured  from VAR and V I M - V A R  A I S I  9310 were 
a l s o  t e s t e d  for  f a t i g u e  l i f e .  The gear p i t c h  diame- 
t e r  was 8 .9  cm ( 3 . 5  i n . ) .  Tes t  c o n d i t i o n s  for  t h e  
gears  i n c l u d e d  an i n l e t  o i l  t empera tu re  o f  320 K 
(116 " F )  t h a t  r e s u l t e d  i n  an  o u t l e t  o i l  t empera tu re  
o f  350 K (170 O F ) .  a maximum H e r t z  s t r e s s  of 
1.71 GPa (248 k s i ) ,  and a speed of 10 000 rpm. The 
r o l l  i ng-e l  ement f a t i  que t e s  t s 6  * 7  were conducted  
w i t h  0.952-cm (0 .375- in . )  d iamete r  t e s t  b a r s .  The 
RC t e s t s  were conducted  a t  ambien t  t empera tu re  w i t h  
a b a r  speed o f  12 500 rpm and a maximum H e r t z  
s t r e s s  o f  4.83 GPa (700 ksi). 
The o b j e c t i v e s  o f  t h e  r e s e a r c h  r e p o r t e d  h e r e i n  
Appara tus  and Procedures  
Gear Tes t  Appara tus  
NASA Lewis Research C e n t e r ' s  gear  f a t i g u e  t e s t  
appara tus  ( F i g .  1 ) .  T h i s  t e s t  r i g  uses t h e  
fou r -square  p r i n c i p l e  o f  a p p l y i n g  t h e  t e s t  gear  
l o a d  so t h a t  t h e  i n p u t  d r i v e  o n l y  needs t o  overcome 
t h e  f r i c t i o n a l  l o s s e s  i n  t h e  system. O i l  p r e s s u r e  
and leakage flow a r e  s u p p l i e d  t o  t h e  l o a d  vanes 
th rough  a s h a f t  s e a l .  As t h e  o i l  p r e s s u r e  on  t h e  
l o a d  vanes i n s i d e  t h e  s l a v e  gear  i s  i n c r e a s e d ,  
t o r q u e  i s  a p p l i e d  to  t h e  s h a f t .  T h i s  t o r q u e  i s  
t r a n s m i t t e d  t h r o u g h  t h e  t e s t  gears  back t o  t h e  
s l a v e  gear ,  where an equa l  b u t  o p p o s i t e  t o r q u e  i s  
m a i n t a i n e d  by  t h e  o i l  p r e s s u r e .  T h i s  t o r q u e  on t h e  
t e s t  gea rs ,  wh ich  depends on t h e  h y d r a u l i c  p r e s s u r e  
a p p l i e d  t o  t h e  l o a d  vanes, l oads  t h e  gear  t e e t h  t o  
t h e  d e s i r e d  s t r e s s  l e v e l .  The two i d e n t i c a l  t e s t  
gea rs  can be s t a r t e d  under no  l o a d ,  and t h e  l o a d  
can be a p p l i e d  g r a d u a l l y  w i t h o u t  chang ing  t h e  
r u n n i n g  t r a c k  on  t h e  gear t e e t h .  
t h e  t e s t  gea rs  and t h e  main  gearbox .  The two 
The gear  f a t i g u e  t e s t s  were per fo rmed i n  t h e  
Separa te  l u b r i c a t i o n  systems a r e  p r o v i d e d  f o r  
1 
l u b r i c a t i o n  systems a r e  separa ted  a t  t h e  gearbox 
s h a f t s  by p r e s s u r i z e d  l a b y r i n t h  s e a l s .  N i t r o g e n  I S  
t h e  sea l  gas. The t e s t  gear  l u b r i c a n t  i s  f i l t e r e d  
th rough  a 5-pm nominal  f i b e r g l a s s  f i l t e r .  The t e s t  
l u b r i c a n t  can be heated  e l e c t r i c a l l y  w i t h  an immer- 
s i o n  h e a t e r .  The s k i n  tempera ture  o f  t he  h e a t e r  i s  
c o n t r o l l e d  t o  p r e v e n t  o v e r h e a t i n g  t h e  t e s t  
l u b r i c a n t .  
A v i b r a t i o n  t ransducer  mounted on t h e  gearbox 
i s  used to a u t o m a t i c a l l y  shu t  o f f  t h e  t e s t  r i g  when 
gear s u r f a c e  f a t i g u e  occu rs .  The gearbox i s  a l s o  
a u t o m a t i c a l l y  s h u t  o f f  i f  t h e r e  i s  a loss o f  o i l  
f l o w  t o  e i t h e r  t h e  main gearbox or t h e  t e s t  gea rs ,  
i f  the  t e s t  gear  o i l  ove rhea ts ,  or i f  t h e r e  i s  a 
l o s s  o f  sea l  gas p r e s s u r i z a t i o n .  
The b e l t - d r i v e n  t e s t  r i g  can be opera ted  a t  
seve ra l  f i x e d  speeds by  chang ing  p u l l e y s .  The oper -  
a t i n g  speed f o r  t he  t e s t s  r e p o r t e d  h e r e i n  was 
IO 000 rpm. 
R o l l i n q - C o n t a c t  F a t i g u e  T e s t e r  
The RC f a t i g u e  t e s t e r  i s  shown i n  F i g .  2.  A 
c y l i n d r i c a l  t e s t  b a r  i s  mounted i n  t h e  p r e c i s i o n  
chuck .  The d r i v e  motor  a t t a c h e d  t o  t h e  chuck 
d r i v e s  t h e  b a r ,  wh ich  i n  t u r n  d r i v e s  two i d l e r  
r o l l e r s .  Load i s  a p p l i e d  by c l o s i n g  t h e  r o l l e r s  
a g a i n s t  t h e  t e s t  b a r  w i t h  a mic rometer - th readed 
t u r n b u c k l e  and a c a l i b r a t e d  l o a d  c e l l .  L u b r i c a t i o n  
i s  s u p p l i e d  by a d rop  f e e d  system; a need le  v a l v e  
c o n t r o l s  t he  f low r a t e .  Severa l  t e s t  runs  can be 
made on one t e s t  b a r  by  moving t h e  b a r  p o s i t i o n  i n  
t h e  a x i a l  d i r e c t i o n  r e l a t i v e  t o  r o l l e r  c o n t a c t s .  
The t e s t  ba r  r o t a t e s  a t  12 500 rpm and r e c e i v e s  
25 000 s t r e s s  c y c l e s  p e r  m inu te .  
s t r e s s  was 4.83 GPa (700 k s i ) .  
The maximum H e r t z  
T e s t  Gears 
The t e s t  gears  a r e  shown i n  F i g .  3. The dimen- 
s i o n s  o f  t h e  gears  a r e  g i v e n  i n  Tab le  1. 
gears  had a nomina l  s u r f a c e  f i n i s h  on  t h e  tooth 
f a c e  o f  0 .41  pm ( 1 6  p i n . )  r m s .  A l l  t h e  gears  had a 
s tandard  20° i n v o l u t e  p r o f i l e  w i t h  t i p  r e l i e f .  The 
t i p  r e l i e f  was 0.0013 cm (0.0005 i n . )  s t a r t i n g  a t  
t h e  h i g h e s t  p o i n t  o f  s i n g l e - t o o t h  c o n t a c t .  
R o l l i n g - C o n t a c t  Tes t  Bar Specimens 
were c y l i n d r i c a l  ba rs  7 . 6  cm (3.0 i n . )  l o n g  w i t h  a 
0.952-cm (0 .375- in . )  d i a m e t e r .  The s u r f a c e  f i n i s h  
was 0 .13  t o  0 . 2 0  pm (5 t o  8 p i n . )  rms. 
19 cm ( 7 . 5  i n . )  and a crown r a d i u s  o f  0.635 cm 
( 0 . 2 5 0  i n . ) .  The s u r f a c e  f i n i s h  o f  t h e  r o l l e r s  was 
t h e  same as t h a t  o f  t h e  t e s t  b a r s .  
A l l  t h e  
The t e s t  specimens for  t h e  RC f a t i g u e  t e s t e r  
The l a r g e  m a t i n g  r o l l e r s  had a d iamete r  o f  
Tes t  Ma te r  i a 1 
The 9310 t e s t  gears  and RC ba rs  were manufac- 
t u r e d  f r o m  e i t h e r  vacuum-arc-remelted ( V A R ) .  
consumable-e lec t rode vacuum-melted (CVM).  or vacuum- 
i n d u c t i o n - m e l t e d ,  vacuum-arc-remelted (VIM-VAR) 
A I S I  9310. 
The M50NiL t e s t  gea rs  and RC b a r s  were 
manufac tured  f r o m  V I M - V A R  m a t e r i a l .  T h i s  M50NiL 
m a t e r i a l  was deve loped from a s tandard  A I S I  MSO by 
r e d u c i n g  the  carbon c o n t e n t  from 0.85  t o  0 .13  t o  
p r o v i d e  improved f r a c t u r e  toughness and add ing  a 
2 
sma l l  amount o f  n i c k e l  ( 3 . 4  p e r c e n t )  to  s t a b i l i z e  
t h e  a u s t e n i t e  and t o  p reven t  the  f o r m a t i o n  o f  
excess i ve  amounts o f  f e r r i t e  and r e t a i n e d  a u s t e n i t e  
The chemical  compos i t i on  of  t h e  t e s t  gears  and 
RC ba rs  i s  g i v e n  i n  Table 11. The hea t  t r e a t m e n t  
p rocedure  f o r  t h e  gears  and RC ba rs  i s  g i v e n  i n  
Tab le  111. The gears  and RC bars  w e r e  case carbu-  
r i z e d  and hardened t o  the  case and co re  p r o p e r t i e s  
shown i n  Table I V .  A c ross  s e c t i o n  th rough  an A I S I  
9310 gear t o o t h  i s  shown i n  F i g .  4 ( a ) ,  and a c ross  
s e c t i o n  o f  an MSONiL gear  t o o t h  i s  shown i n  
F i g .  4 ( b ) .  The case and c o r e  photomicrographs  o f  
t h e  9310 and MSONiL a r e  shown i n  F i g s .  5 ( a )  and 
( b ) ,  r e s p e c t i v e l y .  The r e t a i n e d  a u s t e n i t e  shown 
f o r  t h e  M50NiL i s  much h i g h e r  than  would be 
expec ted  f o r  t h e  t r e a t m e n t  p rocedure  s p e c i f i e d  i n  
Table 111. Th is  h i g h  l e v e l  o f  r e t a i n e d  a u s t e n i t e  
was a p p a r e n t l y  t h e  r e s u l t  of m i s s i n g  the  deep 
f r e e z e  t r e a t m e n t .  T h i s  was f u r t h e r  v e r i f i e d  when 
t h e  used gear was g i v e n  a deep f r e e z e  a t  200 K 
(-100 O F )  and doub le  temper a t  797 K (975 O F ) .  The 
r e t a i n e d  a u s t e n i t e  was then found t o  be 5 p e r c e n t .  
A c ross  s e c t i o n  th rough  an MSONiL gear  t o o t h  a f t e r  
t h e  deep f r e e z e  and temper i s  shown i n  F i g .  4 ( c ) .  
I n  a d d i t i o n  t h e  hardness i nc reased  a p p r o x i m a t e l y  2 
p o i n t s  Rockwel l  C .  as shown i n  F i g .  6 .  I t  was n o t  
expec ted  t h a t  t h e  absence o f  the  deep f r e e z e  would 
s i g n i f i c a n t l y  change t h e  f a t i g u e  l i f e  o f  t h e  MSONiL 
gears .  
L u b r i c a n t  
A l l  t h e  gears  were l u b r i c a t e d  w i t h  a s i n g l e  
b a t c h  o f  s y n t h e t i c  p a r a f f i n i c  o i l ,  wh ich  was t h e  
s tandard  t e s t  l u b r i c a n t  for  t h e  gear  t e s t s .  The 
p h y s i c a l  p r o p e r t i e s  of t h i s  l u b r i c a n t  a r e  summar- 
i z e d  i n  Tab le  V .  F i v e  v o l  Y. o f  an ex t reme-pressure  
a d d i t i v e  des igna ted  L u b r i z o l  5002 ( p a r t i a l  chemica l  
a n a l y s i s  g i v e n  i n  Tab le  V )  was added t o  t h e  
l u b r i c a n t .  
The RC t e s t  specimens were l u b r i c a t e d  w i t h  a 
s tandard  d i e s t e r  t e s t  l u b r i c a n t  t h a t  met t h e  
MIL-L-7808G s p e c i f i c a t i o n .  The f l u i d  was a m i x t u r e  
o f  two base s t o c k s ,  a d i e s t e r  p l u s  a ( t r i m e t h y l o l  
propane) p o l y e s t e r .  The a d d i t i v e s  i n  t h i s  f l u i d  
i n c l u d e d  a n t i o x i d a n t s ,  l o a d - c a r r y i n g  a d d i t i v e s ,  
meta l  p a s s i v a t o r s ,  a h y d r o l y t i c  s t a b i l i t y  a d d i t i v e ,  
and a s i l i c o n e  an t i f oam a d d i t i v e .  The t ypes  and 
l e v e l s  o f  t h e  a d d i t i v e s  a r e  p r o p r i e t a r y .  The l u b r i -  
c a n t  p r o p e r t i e s  a r e  g i v e n  i n  Tab le  V .  
Tes t  Procedure 
Gears. A f t e r  t h e  t e s t  gears  were c leaned  t o  
remove t h e i r  p r o t e c t i v e  c o a t i n g ,  t h e y  were assem- 
b l e d  on t h e  t e s t  r i g .  The t e s t  gears  r a n  i n  an 
o f f s e t  c o n d i t i o n  w i t h  a 0.30-cm ( 0 . 1 2 0 - i n . )  t o o t h -  
s u r f a c e  o v e r l a p  t o  g i v e  a l o a d  s u r f a c e  on t h e  gear  
f a c e  o f  0.28 cm (0 .110 i n . ) ,  a l l o w i n g  f o r  an edge 
r a d i u s  on t h e  gear  t e e t h .  S ince  t h e  o f f s e t  t e s t  
method may i n t r o d u c e  edge l o a d i n g  e f f e c t s ,  t h e  
method was o r i g i n a l l y  checked w i t h  b o t h  crowned and 
uncrowned gears .  There was no  d i f f e r e n c e  between 
t h e  crowned and uncrowned gears :  a l s o  a l l  f a t i g u e  
s p a l l s  w i t h  uncrowned gears o r i g i n a t e d  e v e n l y  a l o n g  
t h e  t o o t h  f l a n k  and never  s t a r t e d  a t  t h e  edge l o c a -  
t i o n .  Th is  i s  p r o o f  t h a t  t h e  o f f s e t  t e s t  c o n d i t i o n  
i s  an accep tab le  method for  s u r f a c e  f a t i g u e  t e s t i n g .  
I f  b o t h  faces  o f  t h e  gears  were t e s t e d .  f o u r  
f a t i g u e  t e s t s  c o u l d  be r u n  f o r  each s e t  o f  gea rs .  
A l l  t e s t s  were r u n - i n  a t  a l o a d  p e r  u n i t  l e n g t h  o f  
1230 Nlcm (700 l b / i n . )  for  1 h r .  The l o a d  was then 
inc reased  to 5800 N/cm (3300 l b / i n . ) ,  wh ich  
r e s u l t e d  i n  a p i t c h l i n e  maximum H e r t z  s t r e s s  of 
1 . 7 1  GPa (248 k s i ) .  A t  t h e  p i t c h l i n e  l o a d  t h e  
t o o t h  bend ing  s t r e s s  was 0.21 GPa (30  k s i )  i f  p l a i n  
bend ing  was assumed. However, because t h e r e  was an 
o f f s e t  l oad ,  an a d d i t i o n a l  s t r e s s  was imposed on 
t h e  t o o t h  bend ing  s t r e s s .  Combining t h e  bend ing  
and t o r s i o n a l  moments gave a maximum s t r e s s  of 
0 .26  GPa (37  k s i ) .  
i n c l u d e  t h e  e f f e c t s  o f  t i p  r e l i e f ,  wh ich  would a l s o  
i n c r e a s e  the  bend ing  s t r e s s .  
O p e r a t i n g  t h e  t e s t  gears  a t  10 000 r p n  gave a 
p i t c h l i n e  v e l o c i t y  o f  46.55 m/sec (9163 f t l m i n ) .  
L u b r i c a n t  was s u p p l i e d  t o  t h e  i n l e t  mesh a t  
a00 cm3/min (49  i n . 3 I m i n )  and 32026 K (116210 O F ) .  
The l u b r i c a n t  o u t l e t  t empera tu re  was n e a r l y  Constan t  
a t  35023 K ( 1 7 0 ~ 5  OF). The t e s t s  r a n  c o n t i n u o u s l y  
( 2 4  h r l d a y )  u n t i l  t h e  r i g  was a u t o m a t i c a l l y  s h u t  
down by  the  v i b r a t i o n  d e t e c t i o n  t r a n s d u c e r  ( l o c a t e d  
on t h e  gearbox a d j a c e n t  t o  t h e  t e s t  g e a r s )  or U n t i l  
500 h r  o f  o p e r a t i o n  w i t h o u t  f a i l u r e  were comple ted .  
The l u b r i c a n t  c i r c u l a t e d  th rough  a 5-pm f i b e r g l a s s  
f i l t e r  t o  remove wear p a r t i c l e s .  For each t e s t  
3 .8  l i t e r s  ( 1  g a l )  o f  l u b r i c a n t  were used. A t  t h e  
end o f  each t e s t ,  t h e  l u b r i c a n t  and t h e  f i l t e r  e l e -  
ment were d i s c a r d e d .  I n l e t  and o u t l e t  o i l  tempera- 
t u r e s  were c o n t i n u o u s l y  reco rded  on a s t r i p - c h a r t  
r e c o r d e r .  
The p i t c h l i n e  e las tohyd rodynamic  (EHD) f i l m  
t h i c k n e s s  was c a l c u l a t e d  by t h e  method o f  Dowson.8 
I t  was assumed, fo r  t h i s  f i l m  t h i c k n e s s  c a l c u l a t i o n ,  
t h a t  t h e  gear tempera tu re  a t  t h e  p i t c h  l i n e  was 
equa l  t o  t h e  o u t l e t  o i l  t empera tu re  and t h a t  t h e  
i n l e t  o i l  t empera tu re  t o  t h e  c o n t a c t  zone was equa l  
t o  t h e  gear  s u r f a c e  tempera tu re ,  even though t h e  
i n l e t  o i l  t empera tu re  was c o n s i d e r a b l y  l o w e r .  I t  
i s  p o s s i b l e  t h a t  t h e  gear  s u r f a c e  tempera tu re  was 
even h i g h e r  than  t h e  o u t l e t  o i l  tempera tu re ,  espe- 
c i a l l y  a t  t h e  end p o i n t s  o f  s l i d i n g  c o n t a c t .  The 
EHD f i l m  t h i c k n e s s  f o r  these  c o n d i t i o n s  was computed 
t o  be 0 .33  pm ( 1 3  p in . ) ,  wh ich  gave an  i n i t i a l  
r a t i o  o f  f i l m  t h i c k n e s s  t o  compos i te  sur face  rough- 
ness h / o  o f  0.55 a t  t h e  1.71-GPa (248-ks i )  
p i t c h l i n e  maximum H e r t z  s t r e s s .  
Each r u n n i n g  s u r f a c e  on a p a i r  o f  gea rs  was 
cons ide red  as  a system and, hence, a s i n g l e  t e s t .  
Tes t  r e s u l t s  were e v a l u a t e d  by  u s i n g  We ibu l l  p l o t s  
c a l c u l a t e d  by t h e  method o f  J o h n ~ o n . ~  ( A  W e i b u l l  
p l o t  i s  t h e  number o f  s t r e s s  c y c l e s  ve rsus  t h e  s t a -  
t i s t i c a l  pe rcen tage  o f  gear  systems f a i l e d . )  S ince  
t h e  gears  were r u n  i n  an o f f s e t  c o n d i t i o n ,  four 
t e s t s  were o b t a i n e d  f r o m  each p a i r  o f  gea rs .  
RC t e s t s .  F a t i g u e  t e s t i n g  was a l s o  pe r fo rmed  
i n  t h e  RC r i g .  
r o l l e r s  were b r o u g h t  a g a i n s t  t h e  b a r  b y  u s i n g  t h e  
t u r n b u c k l e .  The l o a d  a p p l i e d  was s u f f i c i e n t  t o  
a l l o w  t h e  ba r  t o  d r i v e  t h e  c o n t a c t i n g  r o l l e r s  and 
t h e  b a r  was a c c e l e r a t e d  t o  t h e  12 500-rpm t e s t  
speed. 
mal e q u i l i b r i u m  a t  a ba r  tempera tu re  of -305 K 
(90  O F ) ,  t he  f u l l  l o a d  o f  1250 N (281 l b )  was 
a p p l i e d  t o  g i v e  t h e  t e s t  b a r  a maximum H e r t z  s t r e s s  
o f  4.83 GPa (700  k s i ) .  When a f a t i g u e  f a i l u r e  
o c c u r r e d ,  t h e  r i g  and r e l a t e d  i n s t r u m e n t a t i o n  were 
a u t o m a t i c a l l y  shu t  down by a v i b r a t i o n  d e t e c t i o n  
system. The a x i a l  p o s i t i o n  o f  t h e  t e s t  b a r  i n  t h e  
d r i v e  chuck was changed to  a new r u n n i n g  t r a c k  
T h i s  bend ing  s t r e s s  d i d  n o t  
The t e s t  b a r  was i n s t a l l e d  and t h e  
When t h e  r o l l e r s  and t h e  t e s t  b a r  were i n  t h e r -  
b e f o r e  t e s t i n g  was resumed. Tes t  r e s u l t s  were a l s o  
e v a l u a t e d  a c c o r d i n g  t o  t h e  methods o f  Johnson.9 
R e s u l t s  and D i s c u s s i o n  
Gear L i f e  R e s u l t s  
One l o t  each o f  VAR A I S I  9310, V I M - V A R  A I S I  
9310, and V IM-VAR M5ONiL spur  gears  were endurance 
t e s t e d .  Tes t  c o n d i t i o n s  were a t a n g e n t i a l  l oad  o f  
5.788 N/cm (3305 l b / i n . ) ,  wh ich  produced a maximum 
H e r t z  s t r e s s  o f  1.71 CPa (248 k s i ) ,  and a speed o f  
10 000 rpm. The gears  f a i l e d  by  c l a s s i c a l  subsur-  
f a c e  p i t t i n g  f a t i g u e .  The p i t t i n g  f a t i g u e  l i f e  
r e s u l t s  o f  these  t e s t s  a r e  shown i n  the  We ibu l l  
p l o t s  o f  F i g .  7 and a r e  summarized i n  Tab le  V I .  
These d a t a  were ana lyzed  by  t h e  method o f  J o h n ~ o n . ~  
50-percent  p i t t i n g  f a t i g u e  l i v e s  o f  1 8 . 8 ~ 1 0 ~  and 
46x106 s t r e s s  c y c l e s  (31  and 77 h r ) .  r e s p e c t i v e l y .  
The f a i l u r e  i ndex  ( i . e . ,  t h e  number o f  f a t i g u e  f a i l -  
u res  o u t  o f  t h e  number o f  s e t s  t e s t e d )  was 18 o u t  
o f  19. A t y p i c a l  f a t i g u e  s p a l l  t h a t  o c c u r r e d  near  
t h e  p i t c h  l i n e  i s  shown i n  F i g .  8 ( a ) .  Th i s  s p a l l  
i s  s i m i l a r  t o  those  observed i n  r o l l i n g - e l e m e n t  
f a t i g u e  t e s t s .  The p i t c h l i n e  p i t t i n g  i s  t h e  r e s u l t  
o f  h i g h  subsur face  s h e a r i n g  s t r e s s ,  which deve lops  
subsur face  c r a c k s .  These subsur face  c racks  propa-  
g a t e  i n t o  a c r a c k  ne twork  and r e s u l t  i n  a f a t i g u e  
s p a l l  t h a t  i s  s l i g h t l y  be low t h e  p i t c h  l i n e ,  where 
t h e  H e r t z  s t r e s s  i s  v e r y  h i g h  from s i n g l e - t o o t h  con- 
t a c t  and where some s l i d i n g  c o n d i t i o n s  e x i s t .  
The VAR A I S I  9310 m a t e r i a l  e x h i b i t e d  10- and 
P i t t i n g  f a t i g u e  l i f e  r e s u l t s  o f  t h e  gears  made 
from VIM-VAR A I S I  9310 m a t e r i a l  a r e  a l s o  shown i n  
F i g .  7 .  The 10- and 50-percent  s u r f a c e  f a t i g u e  
l i v e s  were 48x106 and 200x106 s t r e s s  c y c l e s  (80  and 
333 h r ) ,  r e s p e c t i v e l y .  The f a i l u r e  index  was 24 
o u t  o f  33. N ine  suspens ions  d i d  n o t  f a i l  a f t e r  com- 
p l e t i n g  500 h r  o f  t e s t i n g .  The IO-percent  l i f e  o f  
t h e  VIM-VAR A I S I  9310 was more than two t i m e s ,  and 
t h e  50-percent  l i f e  more t h a n  f o u r  t i m e s ,  t h a t  of 
t h e  VAR m a t e r i a l .  The c o n f i d e n c e  number for  t h e  
10-percent  l i f e  l e v e l  was 92 .5  p e r c e n t ,  wh ich  
i n d i c a t e s  t h a t  t h e  d i f f e r e n c e  i s  s t a t i s t i c a l l y  s i g -  
n i f i c a n t .  (The c o n f i d e n c e  number i n d i c a t e s  t h e  pe r -  
cen tage o f  t i m e  t h e  r e l a t i v e  l i v e s  o f  t h e  m a t e r i a l  
w i l l  o c c u r  i n  t h e  same o r d e r ) .  These d a t a  i n d i c a t e  
t h a t  fo r  l o n g e r  l i f e  t h e  use o f  V I M - V A R  A I S I  9310 
s t e e l  i s  p r e f e r r e d  over VAR AISI 9310 s t e e l .  
made from VIM-VAR M50NiL m a t e r i a l  a r e  a l s o  shown i n  
F i g .  7 .  The 10- and 50-percent  s u r f a c e  f a t i g u e  
l i v e s  were 2 1 7 ~ 1 0 ~  and 4 9 6 ~ 1 0 ~  s t r e s s  c y c l e s  (362  
and 827 h r ) ,  r e s p e c t i v e l y .  The f a i l u r e  index  was 2 
o u t  o f  20. E i g h t e e n  suspens ions  r a n  500 h r  w i t h o u t  
f a i l u r e .  A t y p i c a l  f a t i g u e  spa11 f o r  t h e  V I M - V A R  
M50NiL gear  i s  shown i n  F i g .  8 ( b ) .  Some o f  t h e  
M50NiL gears  were d e l i b e r a t e l y  r u n  w i t h  a s u r f a c e  
f a t i g u e  s p a l l  fo r  up  t o  12 a d d i t i o n a l  hou rs  w i t h o u t  
a t o o t h  f r a c t u r e  o c c u r r i n g .  T h i s  i n d i c a t e d  t h a t  
t h e  MSONiL has a good f r a c t u r e  toughness s i n c e  no  
t o o t h  f r a c t u r e s  o c c u r r e d  even though gears  were r u n  
w i t h  f a t i g u e  s p a l l s  and thus  i n c r e a s e d  dynamic 
l oads .  The 10-percent  s u r f a c e  f a t i g u e  l i f e  o f  t h e  
VIM-VAR M5ONiL was more than  1 1  t imes  t h a t  o f  t he  
VAR A I S I  9310 and more than  4 t imes  t h a t  o f  t h e  
VIM-VAR A I S I  9310. The c o n f i d e n c e  numbers f o r  t h e  
M50NiL were 99 p e r c e n t  compared w i t h  t h e  VAR 9310 
and 92.5 p e r c e n t  compared to  t h e  V I M - V A R  9310, b o t h  
o f  wh ich  a r e  s t a t i s t i c a l l y  s i g n i f i c a n t .  
The p i t t i n g  f a t i g u e  l i f e  r e s u l t s  o f  t h e  gears  
3 
Ro l l i nq -E lemen t  L i f e  R e s u l t s  
T e s t  ba rs  o f  VAR A I S I  9310, V I M - V A R  A I S I  9310, 
and V I M - V A R  M50NiL were t e s t e d  I n  t h e  RC f a t i g u e  
t e s t e r  shown i n  F i g .  2 .  The t e s t  d a t a  were o r i g i -  
n a l l y  r e p o r t e d  i n  Re fs .  6 and 7. 
m a t e r i a l  was t e s t e d .  The RC ba rs  were t e s t e d  a t  a 
maximum H e r t z  s t r e s s  o f  4.83 GPa (700 k s i )  and a 
ba r  speed o f  12 500 rpm. The RC t e s t s  were r u n  a t  
ambien t  tempera ture  ( n o  e x t e r n a l  hea t  sou rce )  w i t h  
a MIL-L-7808G l u b r f c a n t .  The r e s u l t s  o f  these 
t e s t s  a r e  shown i n  t h e  We ibu l l  p l o t s  of F i g .  9 and 
a r e  summarized i n  Tab le  V I .  These d a t a  were ana- 
l y z e d  by the  method of Johnson.9 A t y p i c a l  s u r f a c e  
f a t i g u e  spa11 for  an  RC t e s t  specimen i s  shown i n  
F i g .  10 .  
The VAR A I S I  9310 RC t e s t  bars  e x h i b i t e d  10- 
and 50-percent p i t t i n g  f a t i g u e  l i v e s  of  4 . 2 ~ 1 0 6  
and 9 . 4 ~ 1 0 6  s t r e s s  c y c l e s  (2.8 and 6 .3  h r ) ,  respec-  
t i v e l y .  The f a i l u r e  index  was IO o u t  o f  10. 
The V I M - V A R  A I S I  9310 RC t e s t  ba rs  had 10- and 
50-percent  p i t t i n g  f a t i g u e  l i v e s  o f  6 . 8 4 ~ 1 0 ~  and 
1 5 . 7 4 ~ 1 0 6  s t r e s s  c y c l e s  ( 4 . 6  and 10.5 h r ) ,  respec-  
t i v e l y .  The f a i l u r e  index  was 10 out o f  10. The 
con f idence  number for t h e  d i f f e r e n c e  i n  t h e  
10-percent  l i v e s  o f  t h e  VAR and VIM-VAR 9310 t e s t  
ba rs  was 76 p e r c e n t .  A l though  t h i s  i s  low, i t  i s  
s t i l l  cons ide red  s t a t i s t i c a l l y  s i g n i f i c a n t .  
The V I M - V A R  M50NiL RC t e s t  ba rs  had 10- and 
50-percent  p i t t i n g  f a t i g u e  l i v e s  o f  9 0 . 6 ~ 1 0 ~  and 
219x106 s t r e s s  c y c l e s  (60.4 and 146 h r ) ,  respec-  
t i v e l y .  The f a i l u r e  index  was 5 o u t  o f  20. The 
c o n f i d e n c e  number fo r  t h e  d i f f e r e n c e  i n  l i f e  
be tveen the  M50NiL ba rs  and t h e  VAR and VIM-VAR 
A I S I  9310 was 99 p e r c e n t ,  a s t a t i s t i c a l l y  
s i g n i f i c a n t  d i f f e r e n c e .  
t e s t s  and t h e  RC t e s t  b a r s  for  VAR A I S I  9310, 
V I M - V A R  A I S I  9310, and VIM-VAR MSONIL i t  i s  con- 
c l u d e d  t h a t  t h e  V IM-VAR 9310 m a t e r i a l  i s  s u p e r i o r  
t o  t h e  VAR m a t e r i a l  fo r  s u r f a c e  f a t i g u e  l i f e .  T h i s  
c o n c l u s i o n  was n o t  unexpected  s i n c e  a c l e a n e r  s t e e l  
would have fewer  i n c l u s i o n s ,  where f a t i g u e  s p a l l s  
t e n d  t o  o r i g i n a t e ,  and t h e r e f o r e  l o n g e r  f a t i g u e  
l i f e .  
V I M - V A R  M50NiL was shown to  be f a r  s u p e r i o r  i n  
l i f e  t o  e i t h e r  VAR o r  V IM-VAR A I S I  9310, b e i n g  4 .5  
t imes  t h e  V I M - V A R  9310 for  gears  and 13.2 t imes  t h e  
VIM-VIR 9310 f o r  RC ba rs  and 11.5 t imes t h e  VAR 
9310 f o r  gears  and 21 .6  t imes  t h e  VAR 9310 fo r  RC 
b a r s .  These l i f e  d i f f e r e n c e s  a r e  v e r y  l a r g e  and 
i n d i c a t e  t h a t  t he  V I M - V A R  M50NiL o f f e r s  a s i g n i f i -  
c a n t  advantage as a gear  m a t e r i a l  o v e r  VIM-VAR A I S I  
9310. I n  a d d i t i o n  the  V IM-VAR M50NiL gear  m a t e r i a l  
e x h i b i t e d  good f r a c t u r e  toughness and t h u s  i s  v e r y  
a t t r a c t i v e  as a gear  m a t e r i a l .  The h i g h e r  tempera- 
t u r e  c a p a b i l i t y  o f  t h e  M50NiL 589 K ( i . e . ,  600 O F )  
a l s o  enhances t h i s  m a t e r i a l  f o r  gear  a p p l i c a t i o n s  
where t h i s  requ i remen t  i s  needed such as high-speed 
a i r c r a f t  and a i r c r a f t  t h a t  must o p e r a t e . f o r  up 1 h r  
a f t e r  l o s s  o f  l u b r i c a n t .  
Summary o f  R e s u l t s  
One l o t  of each 
From t h e  r e s u l t s  o f  t h e  d a t a  fo r  t h e  gear  
Spur gear endurance t e s t s  and r o l l i n g - e l e m e n t  
s u r f a c e  t e s t s  were conducted  t o  i n v e s t i g a t e  VIM-VAR 
MSONiL s t e e l  f o r  use as a gear  s t e e l  i n  advanced 
a i r c r a f t  a p p l i c a t i o n s ,  t o  de te rm ine  i t s  endurance 
c h a r a c t e r i s t i c s ,  and t o  compare t h e  r e s u l t s  w i th  
those f o r  s tandard  VAR and VIM-VAR A I S I  9310 gear 
m a t e r l a l s .  Tes ts  w e r e  conducted w i t h  spur gears  
and r o l l l n g - c o n t a c t  ( R C )  ba rs  manufactured f rom 
V I M - V A R  M5ONiL and VAR and VIM-VAR A I S I  9310. The 
gear p i t c h  d iamete r  was 8 .9  cm ( 3 . 5  i n . ) .  Gear 
t e s t  c o n d i t i o n s  were an i n l e t  o i l  tempera ture  o f  
320 K (116 O F ) ,  an o u t l e t  o i l  tempera ture  o f  350 K 
(170 O F ) ,  a maximum H e r t z  s t r e s s  o f  1.71 GPa 
(248 k s i ) ,  and a speed o f  10 000 rpm. Bench 
r o l l i n g - e l e m e n t  f a t i g u e  t e s t s  were conducted  a t  
ambien t  tempera ture  w i t h  a b a r  speed o f  12 500 rpm 
and a maximum H e r t z  s t r e s s  of 4.83 GPa (700 k s i ) .  
The f o l l o w i n g  r e s u l t s  were o b t a i n e d :  
1 .  The V IM-VAR MSONiL t e s t  gears  had a 
10-percent  s u r f a c e  f a t i g u e  l i f e  t h a t  was 4.5 t i m e s  
t h a t  of the  V IM-VAR A I S I  9310 and 11.5 t imes t h a t  
o f  the  VAR A I S 1  9310 m a t e r i a l .  
2 .  The V I M - V A R  MSONiL RC t e s t  ba rs  had a 
10-percent  s u r f a c e  f a t i g u e  l i f e  t h a t  was 13 .2  t imes 
t h a t  o f  t h e  VIM-VAR A I S I  9310 and 21.6  t imes t h a t  
o f  t h e  VAR A I S I  9310 m a t e r i a l .  
3.  The V IM-VAR M50NiL was shown to  have good 
r e s i s t a n c e  to f r a c t u r e  th rough  a f a t i g u e  spa11 i n  a 
gear  t o o t h  and t o  have f a t i g u e  l i f e  f a r  s u p e r i o r  t o  
t h a t  o f  VAR and V I M - V A R  A I S I  9310 i n  bo th  gear  and 
RC b a r  t e s t s .  
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TABLE I. - GEAR DATA 
[Gear t o l e r a n c e  p e r  AGMA c l a s s  1 2 . 1  
~~~ ~~~~ 
Number o f  t e e t h  . . . . . . . . . . . . . . . . 28 
D i a m e t r a l  p i t c h  . . . . . . . . . . . . . . . . 8 
C i r c u l a r  p i t c h ,  cm ( i n . )  . . . . . 0.9975 (0 .3927)  
Whole d e p t h ,  cm ( in . )  . . . . . . . 0.762 (0 .300)  
Addendum, cm ( i n . )  . . . . . . . . 0.318 ( 0 . 1 2 5 )  
Chorda l  t o o t h  t h i c k n e s s  r e f e r e n c e ,  
cm ( i n . )  . . . . . . . . . . . . 0.485 (0 .191)  
P r e s s u r e  a n g l e ,  deg . . . . . . . . . . . . . 2 0  
P i t c h  d i a m e t e r ,  cm ( i n . )  . . . . . . 8.890 (3.500)  
O u t s i d e  d i a m e t e r ,  cm ( i n . )  . . . . . 9.525 (3 .750)  
Root f i l l e t .  cm ( i n . )  . . . . . 0.10 to  0 . 1 5  
( 0 . 0 4  to  0.06) 
Measurement o v e r  p i n s ,  9 .603 t o  9.630 
cm ( i n . )  . . . . . . . . . . . (3.7807 t o  3.7915)  
P i n  d i a m e t e r ,  cm ( i n . )  . . . . . . . 0.549 (0.216)  
B a c k l a s h  r e f e r e n c e ,  cm ( i n . )  . . . . 0 .025 (0.010) 
T i p  r e l i e f ,  cm ( i n . )  . . . . . . . 0.0013 (0.0005) 
T o o t h  w i d t h ,  cm ( i n . )  . . . . . . . 0 . 6 4  ( 0 . 2 5 )  
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I -  
F a i  1 u r e  
i n d e x  
1E o u t  o f  19 
24 o u t  o f  33 
2 o u t  o f  20 
l o  o u t  of l o  
10 o u t  o f  10  
5 o u t  o f  20 
TABLE V.  - LUBRICANT PROPERTIES 
C o n f i d e n c e  
number a t  
10-percent  
l i f e  l e v e l ,  







I .  
1 0  P e r c e n t  
P r o p e r t y  
50 P e r c e n t  
K i n e m a t i c  v i s c o s i t y ,  cm2/sec (cS)  a t  






244 K ( -20  " F )  
311 K (100 " F )  
372 K (210 " F )  
477 K (400 "F )  
F l a s h p o i n t ,  K ( O F )  
F i r e  p o i n t ,  K ( O F )  
Pour  p o i n t ,  K ( O F )  
S p e c i f i c  g r a v i t y  
Vapor p r e s s u r e  a t  3 
t o r r  
0 O F ) ,  
S p e c i f i c  h e a t  a t  311 K (100 O F ) ,  
J/kg K ( B t u / l b  O F )  
S y n t h e t i c  p a r a f f i n i c  
o i l  p l u s  a d d i t i v e s a  
2500x 10-2 (2500)  
3 1 . 6 ~ 1 0 - ~  (31 .6)  
5 . 5 ~ 1 0 - ~  ( 5 . 5 )  
508 (455)  
533 (500)  
219 ( -65)  
0.8285 
0.1 
2 .  ox 10-2 ( 2 . 0 )  
2190 (0.523)  
aEP a d d i t i v e s :  L u b r i z o l  5002 (5 v o l  %) c o n t a i n i n g  0 .03  v o l  % 
phosphorus and 0 .93  v o l  X s u l f u r .  
TABLE V I .  - FATIGUE L IFE RESULTS FOR TEST GEARS AND ROLLING-CONTACT BARS 
~~ ~ 
M a t e r  i a 1 
~ 
System l i f e ,  
m i l l i o n s  of s t r e s s  c y c l e s  
I 
Gears:  
VAR A I S I  9310 
VIM-VAR M5ONi L 
VAR A I S I  9310 
VIM-VAR M5ONi L 
VIM-VAR A I S I  9310 
R o l l i n g - c o n t a c t  b a r s :  




9 . 4  
15.74 
219 
Wei b u l l  
s 1 ope 
2 .1  
1.3 
2 . 3  
2 . 3  
2 .26  
2.1 
aPercen tage  o f  t i m e  t h a t  t h e  10-percent  l i f e  o b t a i n e d  w i t h  VAR A I S I  9310 w i l l  have 
t h e  same r e l a t i o n  t o  t h e  10-percent  l i f e  o b t a i n e d  w i t h  VIM-VAR A I S I  9310 or 
VIM-VAR M50Ni L .  
7 
,SLAVE-SYSTEM 
rOIL-SEAL GAS FLOW 
,/ OIL INLET \ 
TEST 
GEARS 
( b )  SCHEMATIC DIAGRAM. 
FIG. 1. NASA LEWIS RESEARCH CENTER’S GEAR FATIGUE TEST APPARATUS. 
8 
( a )  CUTAWAY VIEW. 
,SLAVE GEAR 
CD-8840 
FIG. 2. ROLLING-CONTACT FATIGUE TESTER. 
9 
C-72-3230 
( a )  AISI 9310. 
( b )  M50NiL. 
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( a )  A I S I  9310 CASE. (c) M50NiL CASE. 
( b )  AISI 9310 CORE. ( d )  MsoNiL CORE. 
FIG. 5. CASE AND CORE MICROPHOTOGRAPHS OF AISI 9310 AND MsoNiL TEST SAMPLES. 
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DISTANCE BELOW SURFACE, I N . 
FIG. 6. HARDNESS OF VIM-VAR M50Ni L GEAR TOOTH BEFORE 
AND AFTER ONE DEEP FREEZE AND TEMPER CYCLE, 
L 
8 10 20 4 0  60 100 200 400 600 1000~10~  
GEAR LIFE. REVOLUTIONS 
FIG, 7. SURFACE FATIGUE L I F E  OF VAR AND VIM-VAR 
A I S 1  9310 AND M5ONiL TEST GEARS. SPEED. 10 000 
rpm ; MAXIMUM HERTZ STRESS. 1.71 GPa (248 ksi 1; 
TEMPERATURE, 350 K (170 OF); LUBRICANT, SYNTHETIC 
PARAFFIN WITH 5 VOL X LUBRIZOL 5002 (EP ADDITIVE). 
ARROWS DENOTE SUSPENSION OF TESTS. 
13 
( a )  AISI 9310 GEARS. 
( b )  M5oNiL  GEARS. 
FIG. 8. TYPICAL FATIGUE SPALL OF A I S 1  9310 AND 
f l 5 o N i L  TEST GEARS. SPEED, 10 000 rpm; MAXIMUM 
HERTZ STRESS. 1.71 GPa (248 k s i ) ;  TEMPERATURE. 
3 5 0  K ( 1 7 0  OF): LUBRICANT, SYNTHETIC PARAFFIN 






RC BAR LIFE. REVOLUTIONS 
FIG. 9.  ROLLING-CONTACT FATIGUE L I F E  OF VAR AND VIM- 
VAR AIS1 9310 AND M5oNiL I N  ROLLING-CONTACT FATIGUE 
TESTER. MAXIMUM HERTZ STRESS, 4 . 8 3  GPa (700 k s i ) ;  
BAR SPEED, 12 500 rpm; TEMPERATURE, AMBIENT; LURRI- 
CANT, M IL-L-78086. 
1 5  
FIG. 10. TYPICAL ROLLING-ELEMENT FATIGUE FAILURE. 
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